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SPECTRAL SCANNING THEORY O F  COLOR V I S I O N  

BY 

George Biernson 

It h a s  gene ra l ly  been assumed that co lo r  v i s i o n  i s  a 

t h r e e  dimensional process ,  The eye presumably derives from 

the  incoming spectra t h r e e  independent s i g n a l s ,  and somehow 

i n t e r - r e l a t e s  t h e s e  three s i g n a l s  t o  produce the c o l o r  sensa- 

t i o n .  The r e t i n a  i s  assumed t o  have t h r e e  types  of photo- 

s e n s i t i v e  elements (either i n  d i f f e r e n t  types  of cones o r  i n  

d i f f e r e n t  p a r t s  of a s ing le  cone) w h i c h  have d i f f e r e n t  s p e c t r a l  

abso rp t ion  responses ,  i n  accordance w i t h  the theory  proposed 

by Thomas Young' i n  1801. 

Numberless t h e o r i e s  of c o l o r  v i s i o n  have been proposed t o  

exp la in  how th is  p r i n c i p l e  i s  implemented i n  de t a i l .  The most 

popular  today are the so-ca l led  "s tage"  t h e o r i e s ,  which postu-  

l a t e  t h a t  the t h r e e  s igna l s  from the photosens i t ive  elements 

are  combined toge the r  i n  some manner t o  form a t  a l a t e r  s t a g e  

of  the v i s u a l  process  t h r e e  opponent-process s i g n a l s .  The 

three opponent-process signals r ep resen t  the sensa t ions ,  

white-black, yellow-blue,  and red-green. One of the c o l o r s  

of each p a i r  i s  evoked when the s i g n a l  i s  p o s i t i v e  and t h e  
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o t h e r  c o l o r  when the s igna l  is negat ive.  That the eye senses  

c o l o r s  i n  terms of t h e s e  opponent-process s i g n a l s  was f i r s t  

proposed by Ewald Hering’ i n  1878.  

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  the NTSC c o l o r  t e l e v i s i o n  

t r a n s m i t t i n g  system now used i n  commercial broadcast ing oper- 

ates e s s e n t i a l l y  i n  accordance w i t h  t h e  s t a g e  t h e o r i e s  of c o l o r  

v i s i o n .  By means of f i l t e rs  t h e  image i s  separated i n t o  red, 

green ,  and b lue  p i c t u r e s .  These are focused onto  three s e p a r a t e  

t e l e v i s i o n  camera tubes ,  which a c t  a s  the  t h r e e  pho tosens i t i ve  

elements of the Young theory.  For each po in t  on the image, 

s e p a r a t e  r e d ,  green,  and blue s i g n a l s  are  produced. These 

t h r e e  s i g n a l s  a r e  combined toge ther  i n  a mixing network t o  

from opponent-process s i g n a l s  approximately corresponding t o  

white-black,  blue-yellow, and green-red. Black-and-white 

t e l e v i s i o n  r e c e i v e r s  accept on ly  t h e  white-black o r  luminosity 

s i g n a l ,  whereas color t e l e v i s i o n  r e c e i v e r s  a l s o  detect the 

yellow-blue and red-green chromat ic i ty  s i g n a l s .  

Almost a l l  t h e o r i e s  of c o l o r  v i s i o n  have assumed t h a t  

the r ecep to r  process  i s  t h r e e  dimensional. A f e w  co lo r  theor- 

i s ts  (such a s  Har t r idge  ) have assumed m o r e  than  t h r e e  types 1 

of pho tosens i t i ve  elements, which i s  equivalent  t o  assuming 

a dimensional i ty  g r e a t e r  than three :  and a f e w  (such as  

Houstoun ) have pos tu l a t ed  t h a t  the v i s u a l  process  deals w i t h  2 
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continuous da t a .  However these  theories have not been taken 

ve ry  s e r i o u s l y ,  p r imar i ly  because (1) t h e r e  i s  g r e a t  d i f f i -  

c u l t y  i n  r econc i l ing  t h e m  with constancy of three-dimensional 

m e t a m e r i c  c o l o r  matches, ( 2 )  no s t rong  case has  been presented 

t o  show a need f o r  more than t h r e e  dimensions i n  c o l o r  v i s i o n  

and ( 3 )  t h e  phys io logica l  models proposed appeared t o  be less 

accep tab le  than  t h e  simpler concept of Thomas Young. 

This paper proposes a new reason f o r  r e j e c t i n g  the t h r e e -  

dimensional concept of co lo r  v i s i o n .  There i s  s e r i o u s  ques t ion  

whether any three-dimensional s p e c t r a l  d i sc r imina t ion  system 

could achieve the extreme accuracy and w i d e  adap ta t ion  range 

of human v i s i o n .  Judd* has  repor ted  t h a t  t h e  eye can d i s -  

c r i m i n a t e  among t en  mi l l i on  shades of o b j e c t  co lor .  The r e t i n a  

can adapt  t o  cover a range of l i g h t  i n t e n s i t i e s  of one b i l l i o n  

t o  one, and over  a s i g n i f i c a n t  p a r t  of t h i s  range has  c o l o r  

v i s i o n .  The r e t i n a  au tomat ica l ly  adap t s  t o  l a r g e  changes of 

i n t e n s i t y  and spectrum of t h e  i l luminant  so accu ra t e ly  t h a t  

we ha rd ly  know t h e  i l luminant  has  changed, and we t h i n k  of 

o b j e c t  c o l o r  as an inherent  c h a r a c t e r i s t i c  of t h e  o b j e c t ,  i n -  

dependent of t h e  i l luminant .  I t  does not  s e e m  p o s s i b l e  t h a t  

the e l e c t r o n i c  system employed i n  c o l o r  t e l e v i s i o n  cameras 

(which uses  t h e  p r i n c i p l e  on w h i c h  c o l o r  v i s i o n  i s  assumed t o  

be based) could ever  be extended t o  even approach the performance 

~~ ~~~ * 
Reference 3 ,  page 171.  
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of human v i s i o n .  The neurological  da t a  processing of the c o l o r  

s i g n a l  i n  the  b r a i n  i s  not  a f a c t o r  i n  t h i s  ques t ion ,  because 

t h e  b r a i n  cannot perform accura te  s p e c t r a l  d i sc r imina t ion  

u n l e s s  t h e  retina itself i s  capable of providing da ta  of t h e  

r equ i r ed  accuracy. 

Thus, t h e  ques t ion  t o  ask is  not  "How does t h e  eye see 

co lo r?" ,  bu t  r a t h e r ,  "How could t h e  eye see c o l o r  with t h e  ac-  

curacy of s p e c t r a l  d i scr imina t ion  t h a t  we know it has?" 

A reasonable  explanat ion f o r  the s p e c t r a l  d i scr imina t ion  

accuracy of color v i s i o n  p resen t s  i t s e l f  i f  we assume tha t  each 

cone of t h e  eye a c t s  as a spectrum analyzer  and performs v i s u a l  

adap ta t ion  i n  t e r m s  of s p e c t r a l  information. A s  w i l l  be shown, 

such a system could achieve by means of simple feedback processes  

ve ry  h igh  accuracy of s p e c t r a l  d i sc r imina t ion  and the a b i l i t y  t o  

compensate f o r  wide v a r i a t i o n s  i n  the i l luminant .  The spec- 

trum analyzer  could be very crude,  and have foldover  of spec- 

t r a l  information and d i s t o r t i o n  of the wavelength scale, be- 

cause  it i s  t h e  feedback processes  t h a t  provide the accuracy 

of s p e c t r a l  d i sc r imina t ion ,  

To a c t  a s  a spectrum analyzer ,  each cone must have a 

prismatic e f f e c t  tha t  t e n d s  t o  concent ra te  d i f f e r e n t  wave- 

l e n g t h s  i n  d i f f e r e n t  regions of the cone, and a scanning pro- 

cess tha t  scans a c r o s s  the cone t o  read  of f  t h e  s p e c t r a l  
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information. The scanning process  could be performed by chem- 

i ca l  or e l e c t r i c a l  e f f e c t s  on a molecular l e v e l  and so might 

no t  be de tec t ab le  by microscopic examination of the cone. 

The p r i sma t i c  e f f e c t  could be produced by waveguide made pat-  

t e r n s  i n  t h e  c y l i n d r i c a l  photosens i t ive  region of the cone. 

W e  know that  waveguide mode e f f e c t s  produce d i f f e r e n t  s p a t i a l  

d i s t r i b u t i o n s  of energy as a func t ion  of r a d i u s  f o r , d i f f e r e n t  

wavelengths, and t h e s e  d i s t r i b u t i o n s  vary smoothly as  t h e  wave- 

l eng th  i s  va r i ed .  

s a t i s f y  t h e  requirements of the prism f o r  our spectrum ana lyze r ,  

b u t  considerable r e sea rch  remains t o  be done t o  show whether 

there i s  q u a n t i t a t i v e  agreement. 

The waveguide mode p a t t e r n s  q u a l i t a t i v e l y  

To see how the eye might adapt  i n  t e r m s  of s p e c t r a ,  l e t  

u s  cons ider  f irst  t h e  photodetection process .  When a photon 

of l i g h t  i s  absorbed by a photopigment molecule i n  a v i s u a l  

r e c e p t o r ,  it t r i g g e r s  a chemical  r e a c t i o n ,  w h i c h  even tua l ly  

r e s u l t s  i n  what i s  c a l l e d  bleaching of t h e  molecule. The 

bleached molecules r e v e r t  back t o  the unbleached s ta te  i n  a 

random manner, such t h a t  t h e  average rate of regenera t ion  of 

unbleached photopigment molecules i s  propor t iona l  t o  the  con- 

c e n t r a t i o n  of bleached molecules., 

L e t  u s  assume t h a t  a v i s u a l  r ecep to r  a c t s  as a balanced 

e l e c t r i c a l  b r idge ,  and t h a t  a u n i t  of cu r ren t  f lows i n  an a r m  

of the bridge every t i m e  a photopigment molecu le i sb l eached  or  
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regenerated.  The c u r r e n t s  due t o  bleaching would f low i n  one 

p a i r  of arms and t h e  cu r ren t s  due t o  regenera t ion  would flow 'in 

t h e  o t h e r  p a i r .  The e f f e c t  would be f o r  the regenera t ion  cur -  

r e n t s  t o  act  a s  a s e l f - a d j u s t i n g  balancing mechanism, which 

adap t s  t h e  receptor  i n  an i d e a l  manner t o  any l e v e l  of i l lumin-  

a t i o n .  The s i g n a l s  from t h e  d e t e c t i o n  process  would be 

Lav 
B + R -  L -6 Lav 

L -  
B - R  - s =  

w h e r e  B i s  t h e  r a t e  of photopigment molecule bleaching,  R i s  

t h e  r a t e  of photopigment molecule regnera t ion ,  L i s  t h e  l u m i -  

n o s i t y  t h a t  t h e  r ecep to r  i s  now sensing and Lav i s  t h e  t i m e  

average luminosi ty  t o  which t h e  r ecep to r  has  become adapted. 

The bleaching r a t e  B i s  propor t iona l  t o  t h e  instantaneous 

luminosi ty  L and t h e  - o y e n e r a t i c n  r a t e  R i s  propor t iona l  t o  

the average luminosi ty  Lav. 
4 Equation (1) was empir ica l ly  der ived  by Adams and Cobb 

i n  1 9 2 2  ( i n  a s l i g h t l y  d i f f e r e n t  form) ,  and h a s  been shown by 

Judd* t o  g i v e  a good desc r ip t ion  of v i s u a l  adapta t ion .  Yilmaz 

concluded t h a t  v i s u a l  adapta t ion  must fo l low a mathematical 

l a w  equiva len t  t o  t h e  Lorentz t ransformation of Spec ia l  R e l a -  

t i v i t y  i n  order fo r  t h e  e y e  t o  compensate accu ra t e ly  f o r  changes 

5 

* 
Reference 3 ,  page 226.  
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i n  i l l uminan t ,  and Equation (1) fol lows t h i s  mathematical 

requirement. 

L e t  u s  assume tha t  t h e  balanced e l e c t r i c a l  b r idge  c i r -  

c u i t  i s  a l o c a l i z e d  effect wi th in  the cone. I n  a small region 

of the cone, a l o c a l i z e d  regenerat ion c u r r e n t  balances t h e  

e f f e c t  of a l o c a l i z e d  bleaching cu r ren t .  Since t h e  energy 

fo r  d i f f e r e n t  wavelengths i s  concentrated a t  d i f f e r e n t  regions 

of  the cone, t h i s  al lows the cone t o  adapt i n  a d i f f e r e n t  man- 

n e r  f o r  d i f f e r e n t  wavelengths. The e f f e c t  i s  that  the cone 

achieves e s s e n t i a l l y  ideal adap ta t ion  i n  terms of the spectrum 

of t h e  l i g h t .  

When a receptor  i s  exc i t ed  by a p a r t i c u l a r  spectrum, 

waveguide mode e f f e c t s  transform tha t  spectrum i n t o  a s p a t i a l  

energy d i s t r i b u t i o n  i n  the  r ecep to r .  This produces a s p a t i a l  

d i s t r i b u t i o n  of bleaching c u r r e n t s  propor t iona l  t o  t h e  energy 

d i s t r i b u t i o n .  If the e x c i t a t i o n  spectrum i s  kept  cons t an t ,  

a compensating s p a t i a l  d i s t r i b u t i o n  of regenera t ion  c u r r e n t s  

b u i l d s  up t o  balance t h e  e f f e c t  of the bleaching c u r r e n t  d i s -  

t r i b u t i o n ,  

Normally t h e  eye i s  con t inua l ly  moving, and so each cone 

becomes adapted t o  the average spectrum i n  t h e  f i e l d  of view. 

I n  a normal scene  t h i s  average spectrum can be considered a s  
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being approximately propor t iona l  t o  the spectrum of the i l l u m i -  

nant .  

duced i n  each cone t h a t  approximately compensates f o r  the  spec- 

Thus a regenera t ion  cu r ren t  d i s t r i b u t i o n  would be pro- 

t r u m  of t h e  i l luminant .  The n e t  s i g n a l  produced i n  t h e  detec- 

t i o n  process  would the re fo re  correspond approximately t o  the 

r e f l e c t i v i t y  spectrum of the ob jec t  being sensed by t h e  cone. 

This would a l l o w  t h e  cone t o  compensate very accu ra t e ly  f o r  the 

spectrum of t h e  i l luminant  and provide a s igna l  de f in ing  the 

r e f l e c t i v i t y  s p e c t r a l  c h a r a c t e r i s t i c s  of the o b j e c t  i t s e l f .  

I t  is  pos tu l a t ed  that a chemical o r  e l e c t r i c a l  process  

scans  a c r o s s  the r ecep to r ,  d e t e c t i n g  i n  each l o c a l  reg ion  t h e  

ou tpu t  from i t s  balanced br idge c i r c u i t .  This gene ra t e s  i n  each 

cone a modulated waveform tha t  approximately d e f i n e s  the r e f l e c -  

t i v i t y  spectrum of the object, w h e r e  t h e  t i m e  v a r i a b l e  d e f i n e s  

wavelength. There is  reason t o  b e l i e v e  t h a t  t h e  scanning pro-  

cess scans  a t  a rate of about 20 cps .  

It i s  p o s t u l a t e d  t h a t  the modulated waveform f r o m  each 

cone i s  compared w i t h  a weighted average of t h e  modulated wave- 

f o r m s  from the o t h e r  cones of t h e  r e t i n a .  The waveform f r o m  

the cone would be modified t o  accen tua te  d i f f e r e n c e s  between 

it and t h e  weighted average waveform, which i s  equiva len t  t o  

accen tua t ing  d i f f e r e n c e s  between t h e  r e f l e c t i v i t y  spectrum of 

a p o i n t  and t h e  average r e f l e c t i v i t y  spectrum over  the f i e l d  

8 
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of view. Thus s p e c t r a l  data processing would provide what i s  

c a l l e d  c o n t r a s t  enhancement, and would al low the r e t i n a  t o  de- 

tec t  very s l i g h t  d i f f e rences  i n  obj ect  r e f l e c t i v i t y  spec t r a .  

The modified waveform from each cone i s  then  demodulated 

t o  form t h e  three-dimensional opponent-process co lo r  s i g n a l s .  

The average value g ives  t h e  white-black o r  luminosi ty  informa- 

t i o n  and t h e  modulation components g ive  t h e  chromat ic i ty  i n -  

formation. The yellow-blue s i g n a l  is  obta ined  by e s s e n t i a l l y  

s u b t r a c t i n g  the energy i n  the t i m e  i n t e r v a l  of the  modulated 

waveform corresponding t o  s h o r t  wavelengths from t h a t  co r re s -  

ponding t o  long wavelengths. The red-green s i g n a l  i s  obtained 

by e s s e n t i a l l y  sub t r ac t ing  t h e  energy corresponding t o  the 

c e n t e r  of the v i s u a l  wavelength range f r o m  t h e  energy co r re s -  

ponding t o  t h e  ends of t h e  v i s u a l  range. 

The cone d e l i v e r s  t o  d i f f e r e n t  b i p o l a r  cells  t h r e e  sepa- 

r a t e  v o l t a g e s ,  which represent  the white-black, yellow-blue,  

and red-green opponent-process s i g n a l s .  These vo l t ages  are  

continuous and have p o s i t i v e  and negat ive  va lues .  (The op- 

ponent process  v o l t a g e s  could be superimposed upon a b i a s  l e v e l  

i n  the r ecep to r  so t h a t  the n e t  vo l t age  has  only one p o l a r i t y . )  

A s i n g l e  b ipo la r  ce l l  combines toge the r  one type  of s i g n a l  ( i . e . ,  

a white-black,  a yellow-blue, o r  a red-green) from a number of 
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d i f f e r e n t  r ecep to r s ,  and feeds  t h e  combined s i g n a l  t o  ganglion 

cells .  A ganglion cell  converts t h e  contini DUS v o l t a g e  i n t o  

nerve impulses,  w h i c h  i s  t h e  s i g n a l  form needed t o  a l low t h e  

information t o  be "telemetered" t o  the b r a i n  along the o p t i c  

nerve.  

Our c l a s s i c a l  t h e o r i e s  of co lo r  v i s i o n  p l a c e  s t rong  empha- 

sis  on the phenomena of three-dimensional co lo r  matches. Two 

l i g h t s  can have e n t i r e l y  d i f f e r e n t  spec t ra  and y e t  evoke the 

same c o l o r  sensa t ion  i n  t h e  eye. Such l i g h t s  a r e  said t o  be 

m e t a m e r s  of one another .  I t  i s  found t h a t  i f  two spec t ra  match 

they w i l l  cont inue t o  match approximately r ega rd le s s  of t h e  

c o l o r  of t h e  background l i g h t  t h a t  surrounds t h e m ,  even though 

t h e  c o l o r s  evoked by the metamer spec t r a  change a s  the back- 

ground c o l o r  i s  changed. This phenomenon i s  called constancy 

of m e t a m e r i c  match. 

The concept t h a t  co lor  v i s i o n  i s  a three-dimensional pro- 

cess i s  based p r imar i ly  on t h e  fol lowing c o l o r  matching exper- 

iment. A sub jec t  observes two adjacent  patches of l i g h t  formed 

by combinations of  a sample spec t r a  and a number of s tandard 

l igh ts  c a l l e d  p r imar i e s ,  and he a d j u s t s  the i n t e n s i t i e s  of t h e  

primaries u n t i l  t h e  co lo r s  of the t w o  patches look t h e  same. 

I n  t h i s  experiment he  may add one of t he  pr imar ies  t o  t h e  sample 
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t o  form one patch and match t h i s  modified sample spectrum t o  

admixtures of  t h e  o the r  pr imaries .  I t  i s  found t h a t  i f  the 

p r imar i e s  a r e  metamerically independent ( i . e . ,  i f  they  cannot 

be mixed t o  match themselves) ,  on ly  t h r e e  p r imar i e s  a r e  needed 

t o  match a l l  poss ib l e  spec t ra .  

How can the  Spec t ra l  Scanning theory expla in  the t h r e e -  

dimensional c o l o r  matching experiment? A l l  t h a t  i s  requi red  

i s  t h a t  t h e  s p e c t r a l  da ta  processing performed i n  t h e  cone 

must be approximately l i n e a r  and only three-dimensional i n f o r -  

mation concerning t h e  spectrum i s  s e n t  t o  t h e  b r a i n .  Such a 

system would approximately s a t i s f y  constancy of m e t a m e r i c  

matches and r e l a t e d  experiments, which i s  a l l  t h a t  i s  requi red .  

The key i s s u e  here i s  t h e  ques t ion  of accuracy. A m e t a -  

m e r i c  matching experiment may be a c c u r a t e  r e l a t i v e  t o  many 

psychophysical measurements, but  it i s  extremely crude i n  com- 

p a r i s o n  t o  the a b i l i t y  of the eye t o  d iscr imina te  among ob- 

j ects with s i m i l a r  r e f l e c t a n c e  spec t r a  - Despi te  t h e  s t rong  

emphasis placed on metameric matches i n  c l a s s i c a l  c o l o r  v i s i o n  

t h e o r i e s ,  l i t t l e  e f f o r t  has been spen t  t o  study t h e  accuracy 

wi th  which metameric matches hold.  

The metameric match phenomenon r e a l l y  d e f i n e s  a l i m i t a t i o n  

of  t h e  c o l o r  v i s i o n  mechanism rather than i t s  foundation. To 

perform i t s  task of p ro tec t ing  t h e  organism, t h e  eye must be 

11 
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able t o  d i sc r imina te  accura te ly  among small d i f f e r e n c e s  i n  

o b j e c t  reflectance spec t ra .  The m e r e  f a c t  t h a t  two incoming 

l i g h t  spec t r a  may look a l i k e  even though they a r e  q u i t e  d i f -  

f e r e n t  i s  merely a biproduct of t h e  means used f o r  discr im- 

i n a t i o n .  

se rv ing  d i f f e r e n c e s  i n  spectra  t h a t  a r e  nea r ly  a l i k e ,  bu t  

need n o t  have accuracy i n  performing metameric matches. 

Thus the  eye must have very h igh  accuracy i n  ob- 

C l a s s i c a l  c o l o r  v i s ion  t h e o r i e s  have proposed techniques 

t h a t  could accu ra t e ly  s a t i s f y  constancy of metameric match 

(which i s  a side i s s u e  i n  the v i s u a l  process) bu t  have es- 

s e n t i a l l y  ignored t h e  problem of accuracy i n  d i sc r imina t ing  

among o b j e c t s  w i t h  near ly  the  same r e f l e c t a n c e  spec t r a  (which 

i s  t h e  purpose f o r  w h i c h  t h e  evolut ionary f o r c e s  of  na ture  

r e a l l y  designed v i s i o n ) .  The theory now being proposed ap- 

proaches the problem f r o r a t h e  oppos i te  d i r e c t i o n .  I t  is first  

necessary t o  f i n d  a system tha t  can achieve very h igh  accuracy 

of o b j e c t  s p e c t r a l  d i scr imina t ion  and then  determine whether 

it w i l l  a l s o  s a t i s f y  the low accuracy requirement of constancy 

of metameric match. 

This theory has been found t o  be i n  good agreement with 

experimental  c o l o r  v i s ion  data.  Psychophysical c o l o r  v i s i o n  

experiments gene ra l ly  f i t  n a t u r a l l y  i n t o  an  opponent-process 

c o l o r  v i s i o n  theory .  Color-blind d e f i c i e n c i e s  are r e a d i l y  

12 
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a t t r i b u t a b l e  t o  defects i n  t h e  waveguide mode p a t t e r n s  i n  t h e  

cones. Although spectrophotometer measurements of i nd iv idua l  

r ecep to r s  and of t h e  i n t a c t  r e t i n a  (such a s  those  performed 

by Rushton) have been i n t e r p r e t e d  a s  proving the ex i s t ence  of 

more than  one photopigment i n  t h e  cones,  t h e s e  measurements are 

a l s o  c o n s i s t e n t  w i t h  t h e  concept of a s i n g l e  type of cone w i t h  

a s i n g l e  photopigment. The measurements can be explained s a t -  

i s f a c t o r a l l y  i n  t e r m s  of the effects of d i f f e r e n t  waveguide 

modes i n  the r ecep to r .  

I t  i s  i n t e r e s t i n g  t o  note  the s t rong  s i m i l a r i t y  between 
6 t h i s  theory and the following p o s t u l a t e  proposed by Edwin Land 

a few yea r s  ago: 

"What happens i n  t h e  r e a l  world, when t h e  eyes r ece ive  

a continuous band of wavelengths? W e  a r e  specula t ing  

about t h e  p o s s i b i l i t y  tha t  these wavelengths r e g i s t e r  

on t h e  r e t i n a  as  a l a r g e  number of i nd iv idua l  co lo r -  

s epa ra t ion  "photographs, '' f a r  m o r e  than  t h e  three t h a t  

Maxwell thought necessary and f a r  mre than the two 

t h a t  w e  have shown can do so w e l l . "  

A d e t a i l e d  development of t h i s  theory i s  presented i n  

r e fe rence  7 .  
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